Aims Farfugium (Asteraceae) is a small genus that contains the two species F. japonicum and F. hiberniflorum and is distributed along a long archipelago in east Asia. The common taxon, F. japonicum, includes three varieties associated with a wide range of habitats, including forest understorey (sciophytes), coastal crag (heliophytes) and riverbed (rheophytes). Leaf shape is an important taxonomic character within this genus and is associated with the habitat. † Methods Twenty populations that included all Farfugium taxa were collected throughout its range. Leaf morphology was measured to determine differences amongst the taxa. Phylogenetic analyses based on sequences of the internal transcribed spacer of nuclear rDNA and four plastid DNA regions (matK, trnL-trnF, trnH-psbA and rpl20-rps12) were conducted separately. † Key Results Leaf morphology was significantly different amongst taxa, but morphological variations were partly explained by adaptation to certain environmental conditions that each population inhabited. Molecular phylogenies for the nDNA internal transcribed spacer and cpDNA were consistent in classifying F. hiberniflorum and the Taiwanese var. formosanum, whilst suggesting polyphyletic origins for the rheophyte, sciophyte and heliophyte taxa. All samples from the southern Ryukyus (Japan) and Taiwan clustered into a monophyletic group, which corroborates the land configuration theory involving Quaternary land-bridge formation and subsequent fragmentation into islands. The incongruence between the two DNA datasets may imply traces of introgressive hybridization and/or incomplete lineage sorting. † Conclusions The occurrence of rheophyte, sciophyte and heliophyte plants within Farfugium may be attributable to their isolation on islands and subsequent adaptation to the riparian, coastal crag and forest understorey environments, following their migration over the Quaternary land-bridge formation along their distribution range. Nearly identical DNA sequences coupled with highly divergent morphologies amongst these taxa suggest that diversification was rapid.
INTRODUCTION
Farfugium is a small genus in the Asteraceae (tribe Senecioneae) that encompasses the leaf shape diversification associated with diverse habitats (Kitamura, 1942; Yahara, 1996; Yokota, 2003) . The genus contains the two species F. japonicum (L.) Kitam. and F. hiberniflorum (Makino) Kitam., and the infraspecific classification of the former species recognizes four varieties that are primarily classified according to their leaf morphologies (Table 1 ). The common taxon F. japonicum var. japonicum has reniform leaf blades with a cordate leaf base and entire or denticulate margins. This taxon harbours leaf size variation associated with its habitats, i.e. larger leaves in the lowland forest understorey populations (e.g. sciophyte plants) and smaller leaves in the sunny coastal populations (heliophytes). The distribution ranges from mainland China to Japan via the Ryukyu-Taiwan Archipelago (Figs 1 and 2) . However, the sciophytic plants only occur on Iriomote and Ishigaki, the most southerly islands of the Ryukyus (Fig. 1) . Farfugium japonicum var. giganteum (Sieb. et Zucc.) Kitam. also shares the same leaf shape and grows on the sunny coastal crag (heliophyte). Nevertheless, the leaves grow as large as 38 cm across with long petioles measuring about 1 m in length (Table 1 and Fig. 2 ). The distribution is confined to Kyushu and Shikoku Islands of mainland Japan (Fig. 1) . Farfugium japonicum var. formosanum (Hayata) Kitam. is endemic to Taiwan and grows in the mountain forest understorey (sciophyte; Fig. 1 ). The leaf blades are relatively small, reniform and sinuate with sharp angled (usually 7 -9 angles) margins (Table 1 and Fig. 2) .
Farfugium japonicum var. luchuense (Masamune) Kitam. exhibits lanceolate to narrow fan-diamond-shaped leaves with a cunate base (Fig. 2) . These plants grow on riverbanks, which are periodically covered with floodwater after heavy rains, and their leaf shape is adapted to this particular environment (rheophyte; van Steenis, 1981 van Steenis, , 1987 . This taxon is confined to the islands of Iriomote, Ishigaki and Amamioshima of the Ryukyus (Fig. 1 ). Another species, F. hiberniflorum, is endemic to Yakushima Island and inhabits the forest understorey (sciophyte; Fig. 1 ). This species has distinct leaves with a heart shape, a long pointed tip and doubly serrate margins ( Fig. 2 and Table 1 ). The leaf shapes of Farfugium plants (rheophytes, sciophytes and heliophytes) remain unchanged, though the leaf sizes scale equally in response to the light condition, after cultivation in a greenhouse. In addition, seedling cultivations of each plant also represent the same leaf shape as their progenitor, suggesting stability of the leaf shape amongst each taxon. The species classification of Farfugium and infraspecific taxonomy of F. japonicum correspond well to the leaf shape associated with their habitats. Plant leaf shape is one of the remarkable characters associated with habitat environment because photosynthesis is restricted by leaf morphological design and internal structure (Niinemets, 1999) . For example, leaves in sunny habitats are smaller and thicker to provide an efficient thermal dissipation, water conservation and a sufficient mesophyll cell surface area for CO 2 diffusion (Terashima et al., 2001) . The lanceolate leaves of the rheophytes show lower photosynthetic efficiency, which can be attributed to less intercellular air-space due to the mesophyll cells being tightly packed to increase mechanical strength (Nomura et al., 2006) . Because the genus Farfugium illustrates leaf shape diversification associated with the environment, a phylogenetic analysis would provide evolutionary insights into the origin of leaf shape diversity.
In addition, the distribution range of Farfugium is confined to the eastern edge of the Sino-Japanese region, ranging from south-east China to mainland Japan through Taiwan and the Ryukyu Islands (Fig. 1 ). This area is characterized by a high rainfall due to the south-eastern monsoons, and harbours rheophytes. The allopatric occurrence of F. japonicum var. luchuense on the Ryukyu Islands may imply that this plant arose as a result of parallel evolution, which involves adaptation to riparian environments. On the other hand, the Ryukyu-Taiwan archipelago from mainland China to Japan is the product of the repeated formation and breakdown of the land-bridge due to transgression and regression resulting from climatic oscillation in the Pliocene epoch and Quaternary period Oshiro, 1977, 1980; Ujiie, 1990; Kimura, 1996 Kimura, , 2000 Vita-Finzi, 2000) . Therefore, the rheophyte taxon may have had several opportunities for range expansion via the glacial land-bridge, whereas the postglacial transgression may have resulted in geographic isolation of ancestral species, contributing to local adaptation on the islands. Thus, the phylogeny of Farfugium taxa may have been influenced by the palaeogeographic dynamics of the continental island system. The inter-and infraspecific phylogeny of the genus is expected to reflect the geographical history of the Ryukyu Islands. In this study, the aim was to resolve the infrageneric phylogeny by analysing two DNA sequence datasets to examine the evolution of leaf shape associated with habitat and to find a palaeogeographic trait for the eastern edge of the Sino-Japanese region. The nuclear noncoding region, the nuclear ribosomal DNA internal transcribed spacer (ITS), which has been a useful source of information in resolving infrageneric relationships in several recently evolved genera of the Asteraceae (Baldwin, 1992 (Baldwin, , 1993 Kim and Jansen, 1994; Sang et al., 1994 Sang et al., , 1995 Clevinger and Panero, 2000; Linder et al., 2000) was used. In addition, the chloroplast DNA (cpDNA) spacers trnH-psbA, rpl20-rps12 and trnL-trnF, and the matK gene, which has been used to assess the infra-and intraspecific phylogeny of angiosperms (e.g. Kelchner, 2000) were used. Prior to examining the gene genealogies, samples of each Farfugium plant were subjected to leaf shape measurement and discriminant analysis to examine morphological differentiation amongst the taxa.
MATERIALS AND METHODS

Sampling strategy and habitat description
Sampling within Farfugium was conducted to include representatives from the entire geographic and habitat range of the genus. In total, 21 populations in 13 localities, ranging from China to mainland Japan via Taiwan and the Ryukyu Islands, were sampled ( Fig. 1 and Table 2 ). Each sample was classified based on Kitamura (1942) , in which key taxonomic characteristics are leaf shape and distribution range. Two riparian populations (Yk-R and Is-R) were categorized as F. japonicum var. japonicum (not var. luchuense), and F. japonicum var. japonicum was collected from three habitat types (coastal, forest understorey and riparian) at 11 localities (coastal populations: Mi-C, Ft-C, Kt-C, Sj-C, Yk-C, Am-C, Ok-C, Is-C, Ir-C and Ch-C; forest understorey populations: Iz-F and Ir-F; riparian populations: Yk-R and Is-R). The rheophytic variety F. japonicum var. luchuense was collected from the riparian habitat at four localities (Am-R, Ok-R, Ir-Ra and Ir-Rb), and the endemic variety F. japonicum var. formosanum was collected from forest understorey habitat in northern Taiwan (Tw-F). Another endemic variety, F. japonicum var. giganteum, was collected from cultivation stocks at the Makino Botanical Garden, Kochi, which were originally collected from a coastal habitat in Kyushu, Japan (Ib-C). Farfugium hiberniflorum was collected from the forest understorey habitat on Yakushima Island (Yk-H). From each population, mature and intact leaf blades were sampled from three individuals, and digital images of the blades were recorded using a document scanner for morphological analysis. Subsequently, a piece of the blade was refrigerated for later DNA extraction. Based on results of Liu et al. (2006) , four species of the genus Ligularia (L. dentata, L. hodgsonii, L. fischeri and L. stenocephala) were also included in the investigation as the closest sister taxa. In total, six individuals from these taxa were sampled from living stocks at the Nikko Botanical Garden, the University of Tokyo. 
Morphological measurement and analysis
The collected materials were identified by measuring morphological characters on each of the recorded images (resolution of 200 DPI) using Adobe Photoshop 6 . 0 software (Adobe Systems Inc., San Jose, CA, USA). Seven characters were measured (Fig. 3) , including the central vein length (Vl), total vein number (Vn), mean divergence angle of each vein (Di), total divergence of the leaf blade (DiT), total leaf area (La), decline ratio of vein length from the central to the marginal veins (LdR) and the mean value of the relative length from leaf base to the intermediate margin against the two adjoining veins (MiR). The taxonomic characters described by Kitamura (1942) correspond to LdR, MiR, DiT and Vl (Table 1) .
Two-way nested analysis of variance (ANOVA) was applied to test the difference in each morphological character amongst taxa and amongst populations. The discriminant procedure was also used to determine whether leaf shape from each taxon was morphologically distinct. These statistical analyses were performed using R software version 2.7.2 (R Foundation, Vienna, Austria) and SPSS version 10 (SPSS, Chicago, IL, USA).
DNA extraction, amplification and sequencing
Total genomic DNA was extracted from the refrigerated leaf material, whereas silica-gel-dried material was used for Tw-F and Ch-C. Approx. 50 mg of leaf material was used for total DNA extraction. All material was frozen and ground into a powder in liquid nitrogen, and the polysaccharides were removed with Hepes buffer ( pH 8 . 0; Setoguchi and Ohba, 1995) . Total DNA was extracted from the powder using the 2× CTAB method (Doyle and Doyle, 1987) , and the extracted DNA was dissolved in 100 mL of TE buffer and used for polymerase chain reaction (PCR).
PCR was conducted in a total reaction volume of 25 mL containing 18 . 5 mL of autoclaved ion-exchanged water, 0 . 2 mM dNTP mixture, 2 . 0 mM 10× ExTaq Buffer (Takara ExTaq), 0 . 625 U Takara ExTaq (Takara Bio, Ohtsu, Japan), 0 . 2 mM of each primer and 1 . 25 mL of DNA. The primers used to amplify the entire ITS region (including the 5 . 8S gene) and each cpDNA region (only a partial sequence was amplified in matK) are listed in Table 3 , with primer sequences and their original references. PCR was performed with an initial denaturation for 1 min at 94 8C followed by 35 cycles under the following conditions for each region: ITS and trnH-psbA (1 min at 94 8C, 1 min at 56 8C, 1 min at 72 8C); rpl20-rps12 and matK (1 min at 94 8C, 1 min at 57 8C, 1 min at 72 8C); trnL-trnF (1 min at 94 8C, 1 min at 59 8C, 1 min at 72 8C). These amplifications were conducted using a Takara Thermal Cycler Dice (Takara Bio).
Cycle-sequencing reactions were prepared with BigDye TM deoxy terminator cycle sequencing ready reaction kit (Applied Biosystems, Foster City, CA, USA) using the same primers and run on an ABI 3100 genetic analyser (Applied Biosystems). All sequenced data were analysed and aligned using AutoAssembler (Applied Biosystems), and all of the determined sequences were deposited into a DNA database (see Appendix; DDBJ/EMBL/GenBank). 
Phylogenetic analysis
Phylogenetic analyses were conducted for each of the two datasets (ITS region and combined cpDNA regions) using PAUP* 4b10 (Swofford, 2002) . Maximum parsimony (MP) and maximum likelihood (ML) analyses were applied for constructing phylogenetic trees. MP analyses were performed with heuristic searches of 1000 replicates of random stepwise addition using tree bisection and reconnection (TBR) branch swapping. Insertions/deletions (indels) were coded as binary states (0 or 1) in an MP analysis if they were bordered by stretches of unambiguously aligned nucleotides that were potentially informative. It was decided not to code single base pair indels caused by mononucleotide repeat units in the phylogenetic analysis because they can arise due to experimental error, or have evolutionary liability (Kelchner, 2000) . All characters and character state transformations were weighted equally in the analyses.
The consistency index (CI), excluding uninformative characters, and retention index (RI) (Kluge and Farris, 1969; Farris, 1989) were calculated. To ascertain the degree of statistical support for branches in the shortest MP trees, bootstrap values (Felsenstein, 1985) were calculated for 1000 replicates using NNI branch swapping for each dataset and decay indices (DI) (Bremer, 1988 (Bremer, , 1994 with Parsimony Ratchet Analyses using PAUP (PRAP) (Muller, 2004) . Modeltest (Posoda and Crandall, 1998) was used to select parameters and assumptions for ML analyses in PAUP. Maximum likelihood heuristic search parameters were simple addition sequence of taxa with TBR branch swapping, MULTREES and COLLAPSE.
RESULTS
Leaf morphology
Each morphological parameter demonstrated a significant difference amongst taxa. However, part of the variation was attributed to interpopulation differences (two-way nested ANOVA; Table 5 ). The decline ratio of vein length (LdR) is a taxonomic characteristic differentiating the acuminate leaf shape of F. hiberniflorum (Kitamura, 1942;  Table 1 ). Only F. hiberniflorum (Yk-H) showed high LdR values (70 . 8 %) compared with the F. japonicum populations (8 . 4 to 47 . 9 %; Fig. 4 and Table 4 ).
The mean relative length to the intermediate margin (MiR) is a taxonomic characteristic differentiating the sinuate leaf margin of F. japonicum var. formosanum (Table 1) . Both F. japonicum var. formosanum and F. hiberniflorum (Tw-F and Yk-H) showed lower MiR values (87 . 2 and 86 . 7 %) than the other taxa (93 . 6-98 . 5 %; Table 4 ). However, three riparian populations of F. japonicum also had slightly lower values (Yk-R, Is-R and Ir-Ra; 91 . 6 %, 91 . 3 % and 88 . 9 %, respectively), which is consistent with Kitamura (1942) . Two land populations of F. japonicum on the southern Ryukyu Islands (Is-C and Ir-F) had a large standard deviation (95 . 1 + 4 . 18 % and 94 . 3 + 4 . 19 %; Fig. 4 ), meaning that some individuals had a sinuate leaf margin in these populations. Total leaf divergence (DiT) is associated with differentiating the narrow leaf shape of F. japonicum var. luchuense (Table 1) . Four populations of F. japonicum var. luchuense (Am-R, Ok-R, Ir-Ra and Ir-Rb) showed DiT values ,1808 (Fig. 4 and Table 4 ). Two other riparian populations were categorized in F. japonicum var. japonicum, and had the next smaller values (Is-R and Yk-R; 246 and 2068, respectively). All other land populations demonstrated larger . Corresponding to these differences in DiT, F. japonicum var. luchuense had a lower leaf vein number (Vn, 6 . 1) and a lower mean divergence of veins (Di, 21 . 4) compared with the other taxa (Vn, (7) (8) (9) (10) (11) (12) (13) Di, (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) ; Tables 2 and 4).
Main vein length (Vl) is a taxonomic character differentiating the large leaf size of F. japonicum var. giganteum (Table 1) . Farfugium japonicum var. giganteum (Ib-C) had the largest Vl value (22 . 9 cm) compared with the other taxa (6 . 9-9 . 1 cm; Table 4 ). However, some coastal and forest understorey populations of F. japonicum var. japonicum (Ch-C, Ok-C and Ir-F) also had large values (12 . 9-18 . 9 cm; Fig. 4 ). Leaf area (La) of F. japonicum var. giganteum populations was twice larger (918 cm 2 ) than that of the other populations (276 -585 cm 2 ; Table 2 ). Thus, leaf size of F. japonicum var. giganteum was beyond the morphological variation found within F. japonicum var. japonicum.
A discriminant analysis based on all morphological characters separated each taxon, i.e. the leaf shape of endemic taxa became peripheral to the common variety F. japonicum var. japonicum (Fig. 5) . A series of four functions were extracted from the analysis, of which the first three accounted for 97 . 6 % of the total variation. The first function (FCN1) was mainly loaded by Vl and La, and accounted for 50 . 6 % of the variability. The second function (FCN2) was mainly loaded by DiT and Di, and accounted for 28 . 5 % of the variability. The third function (FCN3) was mainly correlated with LdR and MiR, and accounted for 18 . 5 % of the variability. A reclassification test, comparing the actual taxon membership with the predicted taxon membership based on the discriminant analysis, resulted in an overall 90 . 0 % correct classification of taxons. On the other hand, six individuals of F. japonicum var. japonicum and F. japonicum var. luchuence were misclassified as being F. japonicum var. formosanum.
Analysis of the ITS dataset
The ITS1, 5 . 8S and ITS2 sequence lengths ranged from 628 to 630 bp amongst the Farfugium taxa and outgroups. All sequences were deposited in the DNA Data Bank of Japan (DDBJ; for Accession nos, see the Appendix). Ten of the 24 aligned sequences had one or two positional ambiguities. The aligned sequences using seven indels (Table 6) as new characters yielded a matrix with 635 characters, of which 92 (14 . 5 %) were informative (Tables 3 and 4 ). The MP analysis generated 16 equally parsimonious trees with 136 steps and CI of 0 . 868 and RI of 0 . 954. The strict consensus tree is shown in Fig. 6 with bootstrap support and DI. The ML analysis (-ln L ¼ 1608 . 53, the best-fit model: TIM3ef + G) was mostly congruent in topology with the MP tree (Fig. 7) .
Farfugium was monophyletic (bootstrap value of 96 %, DI ¼ 5 in the MP tree; bootstrap value of 99 % in the ML analysis), whereas Farfugium was in a nested position within Ligularia. The infrageneric taxonomy recognizing two species (F. hiberniflorum and F. japonicum) was consistent with the molecular phylogenetic tree. The ITS data supported two major clades of F. japonicum: one was F. japonicum var. formosanum in Taiwan (Tw-F; bootstrap value of 99 %, DI ¼ 5 in the MP tree; bootstrap value of 85 % in the ML analysis) and the other encompassed the remaining taxa (var. japonicum, var. luchuense and var. giganteum; bootstrap value of 99 %, DI of 5 in the MP tree; bootstrap value of 92 % in the ML analysis). All individuals in the latter clade were distributed from China to Japan through the Ryukyu Islands. Within this clade, all samples from the southern Ryukyu Islands (Ishigaki and Iriomote) formed a monophyletic group (bootstrap value of 88 %, DI ¼ 2 in the MP tree; bootstrap value of 84 % in the ML analysis), whereas the remainder fell into an unsolved polytomy. Monophyly of rheophyte F. japonicum var. luchuense (Ir-Ra, -Rb, Ok-R, Am-R, Yk-R) and var. giganteum was not supported. Thus, the infragenetic taxonomy of Farfugium and Taiwanese F. japonicum var. formosanum was supported as an independent taxon. However, most of the infraspecific taxonomy of F. japonicum was not supported in the ITS phylogeny.
Analysis of the cpDNA dataset
In total, the aligned sequences using six indel characters (Table 6) as informative sites yielded a matrix with 1480 characters, of which 25 (1 . 69 %) sites were informative (Tables 3  and 4 ). All sequences were deposited in the DDBJ; for accession nos, see the Appendix). Amongst the analysed spacers, trnH-psbA and rpl20-rps12 were the most and least informative, respectively. Parsimony analysis based on the cpDNA data resulted in 28 equally parsimonious trees with 36 steps and CI of 0 . 889 and RI of 0 . 985. The strict consensus is shown in Fig. 8 with bootstrap support and DI. The ML analysis (-in L ¼ 2244 . 72, the best-fit model: K81uf + I) was mostly congruent in topology with the MP tree (Fig. 9) .
Monophyly of the genus Farfugium was weakly supported by the parsimony method with a bootstrap value of ,50 % (46 . 4 %) and a DI of 1, whereas Farfugium was in a nested position within Ligularia. On the other hand, the ML analysis revealed that Farfugium is paraphyletic. All populations of Farfugium were divided into two clades, which recognized their geographical units: clade A encompassed the southern Ryukyu Islands and Taiwan, and clade B comprised China, the northerly Ryukyu Islands and mainland Japan (see Fig. 1 ). These two clades were supported with bootstrap values of 61 % and 78 % and a DI of 1 and 2, respectively, in the MP tree, whilst they were supported with bootstrap values of 61 % and 57 %, respectively, in the ML analysis. Clade A also included a monophyletic grouping of F. japonicum var. japonicum and var. luchuense populations from the southern Ryukyu Islands (bootstrap value of 98 % and DI ¼ 5 in the MP tree; bootstrap of 97 % in the ML analysis).
On the other hand, clade B included F. hiberniflorum on Yakushima Island, the Chinese F. japonicum population (Ch-C) and all F. japonicum samples from the northern Ryukyu Islands (north of Okinawa Island) and mainland Japan. Farfugium hiberniflorum shared an identical sequence type with three varieties of F. japonicum: japonicum, luchuense and giganteum. Rheophytic F. japonicum var. luchuense plants were split between clades A and B, corroborating their polyphyletic origin in the ITS tree. Thus, the infragenetic taxonomy of Farfugium and infraspecific taxonomy of F. japonicum were again inconsistent with the cpDNA phylogeny. Chinese F. japonicum var. japonicum shared an identical sequence type with samples from the Sea of Japan coast of mainland Japan (Sj-C, Iz-F and Kt-C), and formed a weakly supported monophyletic group (bootstrap value of 62 %, DI ¼ 1 in the MP tree; bootstrap value of 71 % in the ML analysis).
DISCUSSION
Phylogenetic resolution of different DNA regions and tree incongruence
This study demonstrated that ITS sequences provided more informative characteristics than cpDNA sequences (Table 3) . In terms of homoplasy measured by CI and RI, the cpDNA data provided fewer character conflicts and less homoplasy than the nrDNA data. A similar result was reported in the Ligularia -Cremanthodium-Parasenecio complex of East Asia (Liu et al., 2006) , which is a higher-level clade containing Farfugium. In their results, NdhF and the trnL-trnF intron of cpDNA had fewer parsimony-informative characters (2 . 5 % of 2701 sites in combined sequences) than ITS (39 . 6 % of 503 sites). The higher sequence variability in ITS compared with cpDNA has also been demonstrated in many other taxa, and it is ascribed to the slower substitution rate in cpDNA (e.g. Baldwin, 1992 Baldwin, , 1993 Kim and Jansen, 1994; Sang et al., 1994 Sang et al., , 1995 Bailey and Doyle, 1999; Clevinger and Panero, 2000; Linder et al., 2000; Fior et al., 2006; Mitsui et al., 2008) . Thus, the ITS region may provide better resolution when examining the intrageneric phylogeny of Farfugium.
On the other hand, the different manner of inheritance between nrDNA and cpDNA and/or introgressive hybridization may explain topological incongruence between the ITS and cpDNA trees. For example, in the present ITS phylogeny, F. hiberniflorum was sister to F. japonicum, whereas the species was clustered with F. japonicum from the central Ryukyus and mainland Japan in the cpDNA phylogeny (Figs 6 -9) . The discrepancy between the cpDNA and nuclear rDNA trees can be explained by introgressive hybridization between F. hiberniflorum and F. japonicum. This hypothesis was based on occurrences of hybridization between F. hiberniflorum and F. japonicum on Yakushima Island. Farfugium hiberniflorum is endemic to the forest understorey of Yakushima (Figs 1 and 2 ) and is often found sympatrically with F. japonicum around disturbed forest edges. Within these mixed populations, one-directional hybridization (from F. hiberniflorum to F. japonicum) and incomplete female sterility of the F 1 hybrid have been observed (Yamaguchi and Yahara, 1989) . However, a cpDNA haplotype detected in F. hiberniflorum was identical to haplotypes of F. japonicum, not only from Yakushima (one of the three samples), but also from Okinawa, Amami-oshima and mainland Japan (Figs 8 and 9 ). This result suggests that hybridization and subsequent introgression may have occurred in an ancestral population in the ancient Ryukyu Islands (not confined to Yakushima). The uniform sequence distribution amongst the islands would be a consequence of chloroplast replacement between sympatric taxa. In addition, it enables maternally inherited cytoplasm to spread via introgression. Introgressive hybridization and subsequent lineage sorting amongst the islands results in geographically structured chloroplast lineage sharing, and is frequently reported as chloroplast capture (e.g. Rieseberg and Soltis, 1991) .
Circumscription of Farfugium: paraphylly of Ligularia
In the present study, the phylogenies based on nrDNA ITS and cpDNA showed that Farfugium is nested within Ligularia, corroborating the paraphylly of Ligularia as suggested by Liu et al. (2005) : phylogenetic analyses based Table 6 . These data were combined from the trnL/trnF intergenic spacer, rpl20/ rps12 intergenic spacer, trnH/psbA intergenic spacer and matK gene. Vertical designations indicate the regional location of each individual. The other abbreviations and designations are the same as in Fig. 5 .
on cpDNA (ndhF and trnL-F) and nrDNA (ITS) revealed that Ligularia made clusters and/or fell into unsolved polytomy with Parasenecio, Cremanthodium, Sinacalia, Sinosenecio, Syneilesis, Tephroseris and Farfugium. Farfugium japonicum made a cluster with L. dentata as a monophyletic group. However, the previous study encompassed one sample of Farfugium. In the present study, all Farfugium taxa were collected from throughout its range, and most of the analysis (except for the ML analysis for cpDNA data) was monophyletically supported. On the other hand, taxonomical revision may be needed for the genera of Tussilagininae (and Senecioneae).
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Ligularia fischeri Ligularia fischeri
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Phylogenetic relationship of each taxon
In the present study, the phylogenies based on nrDNA ITS and cpDNA consistently did not recognize the rheophyte taxon, var. luchuense. Instead, the rheophyte taxon was clustered with the geographical unit in the southern Ryukyus (made up of sciophyte and heliophyte F. japonicum), or included in an unresolved polytomy including populations from China, the central and northern Ryukyus and mainland Japan (also made up of sciophytes and heliophytes). This result implies that the rheophyte taxon may have evolved independently on each island. The region from south-east China to the Ryukyu Islands is characterized by high annual rainfall, and Farfugium plants may have adapted to this riparian environment and evolved the lanceolate to narrow leaf blade morphology. The previous study using AFLPs agreed with this result. AFLP polymorphisms for nine populations on Iriomote Island identified four geographical units without recognizing the rheophyte, sciophyte and heliophyte plants of F. japonicum (Nomura et al., 2007) . Mitsui et al., (2008) suggested that allopatric speciation of Ainsliaea (Asteraceae) rheophyte species occurred over a short period (after the late Quaternary) in the same region. The regions ranging from south-east China to the Ryukyu Islands harbour diverse climates (including humid with high rainfall) and topography (with repeated formation and fragmentation of land-bridges during the Quaternary), which may have forced adaptation to the riparian environment in Farfugium plants on each isolated island.
The parallel occurrence of sciophyte and heliophyte plants and the phylogenetic position of var. giganteum, which is embedded in the unresolved polytomy with other taxa, may also be attributable to the same scenario, implying local adaptation. The sciophyte and heliophyte types of F. japonicum var. japonicum and var. giganteum have very different morphologies, but their DNA sequences are almost identical. This suggests that rapid diversification may be attributable to the occurrence of these plants. Some of the DNA sequence diversification may imply incomplete lineage sorting, which may be ascribed to diversification over a short period of time. This rapid adaptive diversification could be attributable to isolation on islands and subsequent adaptation to the coastal crag or forest understorey environments, following migration over the Quaternary land-bridge formation.
On the other hand, phylogenetic analyses based on ITS of nuclear rDNA suggested that F. hiberniflorum is a distinct taxon and sister to F. japonicum. The distinct ITS genotype of F. hiberniflorum amongst Farfugium was consistent with its morphological distinctness within the genus, as it has an acuminate leaf shape and doubly serrate leaf margin. As discussed above, the cpDNA phylogeny may reflect introgressive hybridization between F. hiberniflorum and F. japonicum within the islands.
In addition, the phylogenies based on the nrDNA ITS and cpDNA consistently recognized F. japonicum var. formosanum from Taiwan as an independent taxon. The ITS phylogeny suggested that F. japonicum var. formosanum was sister to the remaining F. japonicum ranging from China to Japan. On the other hand, the cpDNA phylogeny suggested that F. japonicum var. formosanum clusters with F. japonicum from the southern Ryukyus (Ishigaki and Iriomote islands), although with relatively lower support. In both cases, F. japonicum var. formosanum was recognized as a distinctive phylogenetic unit within F. japonicum. Incongruence in the phylogenetic position of F. japonicum var. formosanum between the nrDNA and cpDNA phylogenies suggests a possibility of introgressive hybridization between the endemic Taiwanese taxon and F. japonicum in the southern Ryukyus, which may have been due to long-distance seed dispersal by pappus or the land-bridge formation across these areas during the Quaternary.
Geographical patterns represented by cpDNA and nuclear rDNA suggest that F. japonicum on the Southern Ryukyu Islands and Taiwan persisted as an isolated group for a long time. The southern Ryukyus (south from the Kerama Tectonic Strait) and Taiwan were connected by a land-bridge according to palaeogeography of the Quaternary Oshiro, 1977, 1980; Ujiie, 1990; Kimura, 2000) . The phylogeographical unit comprising the southern Ryukyus and Taiwan was also supported in other various biota (e.g. Toda et al., 1997; Hiramatsu et al., 2001; Denda and Yokota, 2004; Kojima et al., 2006) . A previous allozyme analysis for F. japonicum var. japonicum also indicated that populations in the southern Ryukyus may have persisted as isolated groups for a long time (Seo et al., 2004) . Thus, the molecular phylogenies of Farfugium imply a rapid adaptation to local environments and past population dynamics ascribed to the Quaternary palaeo-topography of the land-bridge across the Ryukyu Islands and Taiwan.
Habitat radiation and morphological diversification
The present results suggested that heliophyte, sciophyte and rheophyte types associated with these habitats may have evolved convergently. Amongst them, all outgroup taxa, F. hiberniflorum and F. japonicum var. formosanum inhabit mountain forest understorey, edge or meadow (sciophytes; Kitamura, 1942; Li, 1978; Liu, 2004) . Thus, the plesiomorphic characteristic of the Farfugium habitat was determined to be shaded habitat (forest understorey). Ancestral species of Farfugium may have expanded their distribution to sunny coastal crags and riverbanks as well as remaining in their habitat in the forest understorey.
During range expansion and adaptive diversification resulting from the Quaternary land-bridge formation and island fragmentation, the ancestral species may have advanced to sunny sea coasts or riparian riverbeds. These species could be identified as F. japonicum var. japonicum, var. luchuense and var. giganteum. The two F. japonicum varieties luchuense and giganteum were morphologically peripheral to F. japonicum var. japonicum, and many other intermediate individuals were also observed amongst these taxa (Fig. 4) . This morphological diversity may be a phenotypic polymorphism that includes sciophytic, heliophytic and rheophytic leaf shapes. Two varieties, F. japonicum var. luchuense and var. giganteum, may be morphologically specialized populations that adapted to particular environments, i.e. riparian and coastal crag environments. In the previous AFLP study, some stenophyllous populations of F. japonicum var. luchuense had relatively low genetic diversity (He) within Iriomote Island (Nomura et al., 2007) . Stenophyllous leaves of F. japonicum var. luchuense are functionally less productive, but physically stronger than the round leaves of F. japonicum var. japonicum, and they are only adaptive under frequent flooding regimes (Nomura et al., 2006) . Together, these results suggest that the lanceolate to narrow leaf shape has been particularly maintained by the ongoing selective pressures in the riparian habitat due to frequent inundations.
Because of their evolutionary background, lanceolate to narrow characters in F. japonicum var. luchuense may be vulnerable to habitat alteration. For example, Kitamura (1942) included Ishigaki Island as an area where F. japonicum var. luchuense was distributed and characterized by lanceolate leaves [DiT ,1808: Kitamura 00071388 (KYO); Fig. 4 ]. In contrast, no truly lanceolate individuals were found along any riverbed on Ishigaki Island in the present study. The main river systems on Ishigaki Island have been dammed and stabilized into reservoirs over the last 50 years, and the lanceolate genotypes may be extinct from the riparian areas under the absence of selective pressure.
In conclusion, this study provides historical insight into the phylogeny and implications of habitat diversity in Farfugium. However, the detailed processes and evolutionary mechanisms that affect leaf morphology, such as genetic drift and adaptive peak-shift, remain uncertain. A more detailed history of diversification could be discussed when an assessment of each functional character is completed and their inheritance is elucidated. To that end, further ecological and genetic investigations should be completed.
